Background: High-throughput mass spectrometry (MS) proteomics data is increasingly being used to complement traditional structural genome annotation methods. To keep pace with the high speed of experimental data generation and to aid in structural genome annotation, experimentally observed peptides need to be mapped back to their source genome location quickly and exactly. Previously, the tools to do this have been limited to custom scripts designed by individual research groups to analyze their own data, are generally not widely available, and do not scale well with large eukaryotic genomes. Results: The Proteogenomic Mapping Tool includes a Java implementation of the Aho-Corasick string searching algorithm which takes as input standardized file types and rapidly searches experimentally observed peptides against a given genome translated in all 6 reading frames for exact matches. The Java implementation allows the application to scale well with larger eukaryotic genomes while providing cross-platform functionality.
Background
Expressed proteins provide experimental evidence that genes in the genome are being transcribed and translated to produce a protein product. Recently, a new structural genome annotation method, proteogenomic mapping, has been developed that uses identified peptides from experimentally derived proteomics data to identify functional elements in genomes and to improve genome annotation [1, 2] . Initially used for the structural annotation of prokaryotic genomes, proteogenomic mapping is rapidly gaining traction in eukaryotic genome annotation projects with larger genomes as a complementary method [3, 4] .
Proteogenomic mapping can identify potential new genes or corrections to the boundaries of predicted genes by using peptide matches against the genome that do not match against the predicted proteome to generate expressed Protein Sequence Tags (ePSTs) [2] . When aligned with the genome and combined with the published structural annotation, these ePSTs are indicative of translation throughout the genome and can serve to supplement traditional structural genome annotation methods [3] [4] [5] .
While a number of research groups are becoming increasingly active in the field of proteogenomic mapping [1] [2] [3] [4] [5] , there is a lack of published and standardized tools to rapidly and exactly map identified peptides back to the genome translated in all 6 reading frames. To our knowledge, there is only one comparable tool, PepLine [6] , which utilizes a de novo based spectral identification methodology. In contrast our tool is implemented to work with the output from LC MS/MS combined with database search based spectral identification algorithms. PepLine uses peptide sequence tags (PSTs), short spectral match translations of 3-4 amino acids with flanking matches on either end for searches against the genome, where our tool works with peptides derived from MS/ MS databases searches. While PepLine's use of PSTs allows the direct searching of spectra against the genome, a staged search method of searching spectra identified against database searches is an alternative.
Implementation
The Proteogenomic Mapping Pipeline is free to obtain and use, written completely in Java, and available for all common computer platforms. It is licensed under the GNU GPLv3 license making it completely open source and making the source code and implementation methodology available to the end user [7] . We have endeavored to make this tool as easy to use as possible and have provided both a command line version and a graphical user interface (GUI) for all common platforms.
Data Input and Customization
The GUI is shown in Figure 1 and takes as input from the user 3 files: a FASTA file of the peptides to be searched, a FASTA file containing the nucleic acid sequences the peptides are to be mapped against (typically the genome), and a file containing the genetic code to use based on the format of the National Center for Biotechnology Information's (NCBI) toolkit for genetic codes [8] . Furthermore, FASTA output from the splice site prediction tool GeneSplicer [9] can optionally be provided. If present, the splice sites given in that file are used instead of the default splice sites. The user is also required to provide a file name and location for the three output files that will be generated.
To generate the FASTA file of the peptides to be searched, it is expected that the user will have performed spectral matching for their MS dataset of interest against databases generated from both the proteome and the genome translated in all six reading frames and confirm these peptide identifications using a peptide validation strategy. After validation, the unique peptide identifications resulting from a database search against the genome that are not contained among the proteome peptide identifications should be used as the list of peptides to be searched.
The command line version of the Proteogenomic Mapping Pipeline allows the same inputs as the GUI to be specified as command line arguments and can be run on standard computer platforms (Windows, Linux, Unix, MacOS). An example of using the command line version of the program is included in the README file provided with the application.
The application translates the nucleotide database to protein in all 6 reading frames using the genetic code selected by the user (we provide the most common genetic codes from NCBI [8] which are represented in NCBI's standard format for genetic codes in the genetic_ code_table file included with the application) and maps the peptides to the translated genome using the Aho--Corasick string searching algorithm to provide rapid and exact matches of peptides to the genome [10, 11] . The Aho-Corasick string matching algorithm [10] quickly locates all occurrences of keywords within a text string. The algorithm consists primarily of two phases. In the first, a finite state machine is constructed from the set of keywords. The time to construct this machine and its memory requirements are linearly proportional to the sum of the lengths of the keywords. The second phase consists of running the state machine using the text string as input. This phase takes time linearly proportional to the length of the text string. Thus, the time to run the entire algorithm is proportional to the sum of the length of the keywords and the length of the text string. In our case, the peptides for which to search are the keywords, and the reference genome against which to search is the text string.
ePST Generation
Once a peptide has been mapped to a nucleotide sequence, the reverse translated peptide is used to create an expressed Protein Sequence Tag (ePST) [2] . Figure 2 illustrates the ePST generation process for prokaryotes and Figure 3 shows both options for the ePST generation process in eukaryotes. For prokaryotes, the reverse translated peptide is extended in the 3' direction to an in-frame stop codon. In the 5' direction, the first in-frame stopcodon upstream of the peptide (5' stop) is identified and the peptide is extended to the first in-frame start downstream from this 5' stop before the start of the peptide. In the case that no in-frame start occurs between the 5' stop and the start of the peptide, the start of the peptide is used as the start of the ePST. The process is more complex for eukaryotes due to splicing. For eukaryotes, the peptides can be extended to produce ePSTs using three different approaches. In the first approach, the peptide is extended downstream to the first in-frame stop or splice site signal [12] and upstream until the first in-frame start, in-frame stop, or splice site signal. We have found that this approach often generates ePSTs that are far longer than typical exons. We speculate that this is because the potential new ORFs identified by this approach do not have a canonical splice site signal. While the application does default to using canonical splice site signals, our second approach includes the option of using predictions from GeneSplicer [9] , a computational splice site prediction tool, by allowing the user to select to input GeneSplicer output for use instead of the canonical splice site signals. A third option is to extend the peptide upstream and downstream by a nucleotide length to be specified by the user.
Output File Description
Three output files are produced by the application. The first file is a FASTA file containing the ePSTs generated for the dataset. The second file is a more detailed tab separated text file containing the original peptide's identification, the peptide sequence, the FASTA header for the nucleotide sequence containing the match, the mapping start and end locations for the reverse translated peptide, the strand the nucleotide match, the reading frame of the match, the reverse translated peptide sequence, a longer nucleotide sequence extending from the 5' in-frame stop codon immediately upstream of the peptide to the 3' in-frame stop codon immediately downstream of the peptide, the ePST nucleotide Figure 1 Proteogenomic Mapping Pipeline Windows GUI. The proteogenomic mapping pipeline requires three files from the user and offers several options. a. First, the user must provide a FASTA formatted file specifying the proteins for which to search. b. The user also supplies a FASTA formatted file specifying the genome in which to search for the peptides. The file can contain the entire genome as one large entry or multiple entries containing only selected features of interest. For example, the file may contain all exons for an organism. c. The user then selects an output file. Two files will be created. The file selected by the user will contain detailed information about the mapping. An additional FASTA file, with ".fasta" appended the name as the file selected by the user, contains the ePST sequence in FASTA format. d. The user can select to ignore splice sites or to use canonical splice sites when searching upstream for the start of the ePST sequence and downstream for the stop of the sequence. e. A genetic code table file, which specifies the mapping from codons to amino acids as well as start and stop codons, must also be provided. f. Because the code table file can contain multiple mappings, the desired mapping must be selected.
sequence and the start and stop locations of the ePST on the nucleotide sequence, the length of the ePST, and the translated ePST. The third file is a GFF3 file containing the ePSTs generated for the dataset to provide researchers with a file format they can quickly load into genome browsers for data visualization.
Example Datasets
To test our implementation we acquired previously published proteogenomic mapping datasets for a number of organisms. For a relatively small example data set, we selected a proteogenomic mapping dataset for the channel catfish virus [5] . This small dataset contains 407 unique peptide identifications, of which 17 peptides did not map to the predicted proteome of the virus, but do map to novel open reading frames in the viral genome, and expression of several of these genes was confirmed by RT-PCR. Our example dataset consists of a FASTA file of these 17 peptides and the reference genome (NC_001493.1) for the channel catfish virus. For bacterial examples, proteomics datasets from three different microorganisms [13] were used to test our application. For a eukaryotic example, a previously published proteomics dataset generated from chicken serum was utilized for testing [14] . Table 1 details the number of unique peptides and the number of unique peptides mapping uniquely to the genomic database search contained in each of these five datasets.
Results and Discussion
The output from the Proteogenomic Mapping Pipeline matches the previously published results against our test dataset [5] , and our output provides additional information that not only places the mapped peptides on the appropriate nucleotide strand but also includes the reading frame in which the match occurs. Table 2 gives a list of the peptides and corresponding ePSTs for this dataset. We have also successfully tested this tool for proteogenomic mapping in previously published bacterial [13] and eukaryotic datasets [2, 14] . Table 3 provides runtime analysis for each of our five test datasets, and demonstrates that the Proteogenomic Mapping Tool scales well for increasingly large datasets.
Possible future updates to this application include parallelization of the searches against the genome in all 6 reading frames, and the introduction of better thread support to improve performance further on today's modern increasingly multi-core processors. 
